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Effect of protein kinase C activation and down.regulation on active
calcium transport. Active transcellular Ca2 transport in primary cul-
tures of the rabbit kidney collecting system has been shown to be
responsive to PTH through activation of protein kinase A (PKA) [11.
The present study investigates an additional regulatory pathway acti-
vated by protein kinase C (PKC). Cells from rabbit kidney connecting
tubules and cortical collecting ducts were isolated by immunodissection
and subsequently cultured on permeable filters. Incubation of cultured
cells with the PKC activator, 12-O-tetradecanoylphorbol 13-acetate
(TPA, i0 to 10-6 M) had a dual effect on active transcellular Ca2
transport. Short-term incubation increased membrane-associated PKC
activity within 10 minutes and decreased active transcellular Ca2
transport dose-dependently (IC50 = 3.4 0.4 nM), with a maximal
inhibition of 74 3%. TPA (10 M) concomitantly inhibited the
amiloride-sensitive transepithelial potential difference (p.d.) and short-
circuit current across the monolayers. After prolonged exposure to
TPA, total cellular PKC activity was down-regulated, resulting in a
maximal 65 5% reduction after one hour. Interestingly, this latter
event was temporally separated from a gradual return of both Ca2
absorption rate and transepithelial p.d. to control levels occurring over
96 and 48 hours, respectively, of further incubation with TPA. The
inhibitor of protein kinase activity, staurosporine (10 M), when
present during incubation with submaximal concentration of TPA (10
M) partly prevented the TPA-induced inhibition of Ca2 absorption
from 54 4 to 27 3%. This study demonstrates for the first time that,
in addition to PKA, activation of PKC plays a regulatory role in
transcellular Ca2 reabsorption in the renal collecting system.
In the mammalian kidney, active Ca2 reabsorption takes
place primarily in the distal nephron and involves the composite
processes of passive influx across the luminal membrane,
diffusion through the cytosol, and active extrusion across the
opposing basolateral membrane [2, 3]. During cellular diffusion,
intracellular Ca2 concentration ([Ca2]1) must be maintained
within a narrow range for normal cellular functioning, and this
is achieved by control of the compartmentalization of Ca2 in
intracellular organelles or the formation of complexes with
vitamin D3-dependent Ca2-binding proteins, like calbindin-
D2SK [4]. In the basolateral membrane, two Ca2 transporters,
that is, Ca2-ATPase [5—7] and Na-Ca2 exchange [1, 7—9],
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have been demonstrated which might be involved in the efflux
of Ca2 from the cell.
Although it is established that active Ca2 absorption in the
distal nephron is under control of hormones, such as PTH,
calcitonin and 1 ,25(OH)2D3, the regulatory mechanisms are not
completely understood [3, 4, 10]. In general, peptide hormones
bind to their membrane receptors and induce the formation of
various second messengers, leading, for instance, to the acti-
vation of protein kinase A (PKA) via cAMP or protein kinase C
(PKC) via diacylglycerol (DAG). PKA has been implicated in
PTH- and calcitonin-induced stimulation of active Ca2 reab-
sorption in the distal nephron [10, 11]. Although the involve-
ment of PKC has not yet been demonstrated, recent studies in
renal cells show that, in addition to cAMP stimulation, PTH and
AVP activate PKC-dependent pathways [12, 13]. A recent
study in colonic epithelium demonstrates that, in addition to its
well-known genomic effect, 1 ,25[OH]2D3 stimulates phosphoi-
nositide turnover and activates PKC [141. A key function of
PKC is its ability to modulate a variety of transport processes
and alterations in the activity of ion exchangers, pumps and
channels have been documented in various transporting epithe-
ha [15, 16].
Recently, we established a primary culture of rabbit kidney
collecting system, which allows testing of the functional role of
PKC in various transport processes and provides a long-term
method of demonstrating effects of down-regulation of PKC
activity, which is not feasible in microperfusion or micropunc-
ture studies [1]. This study investigates the effect of PKC
activation and down-regulation using the tumor-promoting
phorbol ester, 12-O-tetradecanoylphorbol 13-acetate (TPA) on
active Ca2 transport in the rabbit renal collecting system in
primary culture.
Methods
Primary cultures of cells from rabbit kidney collecting system
Rabbit kidney connecting tubule and cortical collecting duct
cells were immunodissected with Mab R2G9 and set in primary
culture on permeable filters (0.3 cm2; Costar, Badhoevedorp,
NL), as previously described in detail [1]. New Zealand white
rabbits (='0.5 kg wt) were used in this study. The culture
medium was a 1:1 mixture of DME/F12 medium (Gibco, Breda,
NL) supplemented with 5% vol/vol decomplemented FCS, 50
p.glml gentamycin, a mixture of nonessential amino acids, 5
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j.tg/ml insulin, 5 g/ml transferrin, 50 nM hydrocortisone, 70
nglml PGE, 50 flM Na2SeO3 and 5 p triiodothyronine, equil-
ibrated with 5% C02-95% air at 37°C. All experiments were
performed between six to nine days after seeding the cells on
permeable filters. The transepithelial potential difference (p.d.)
and resistance (R) across the cultured cell monolayer were
routinely measured after five days in culture with two sterile
"chopstick"-like electrodes connected to a MillicelI-ERS meter
(Millipore, Etten-Leur, NL).
Determination of transcellular Ca2 fluxes
Filter cups were washed and incubated at 37°C with the
following incubation medium (mM): 140 NaC1; 2 KCI; 1
K2HPO4; 1 KH2PO4; 1 MgCl2; 1 CaC12; 5 glucose; 5 l-alanine;
10 Hepes/Tris, pH 7.40. Transcellular Ca2 transport was
established by removing duplicate apical 25 d samples after
two hours of incubation in the presence of drugs or control
solvents. The Ca2 content of the samples was assayed using a
colorimetric test kit (Lancer, St. Louis, Missouri, USA). At the
same time, transepithelial p.d. was determined as described
above. The time-dependence of the effect of TPA was investi-
gated by prolonged incubations (up to 96 hours) with this PKC
activator, and Ca2 transport rate was subsequently deter-
mined as described above. In this case, however, the cells were
fed with the appropriate medium every 24 hours, and finally, all
the transepithelial p.d. and Ca2 measurements were made
simultaneously, that is, just before or two hours after the last
washings, respectively. Comparisons with treatments with sol-
vent (in the absence of drugs), not exceeding 0.1% vol/vol
solvent in the incubate or with the inactive phorbol ester,
4-a-phorbol, were always performed and were never signifi-
cantly different from the control.
Apical-to-basolateral 45Ca2 fluxes were determined as fol-
lows. The filter cups were washed twice with incubation me-
dium containing 1 mM Ca2 (37°C) and 0.4 Ci 45Ca2 was
added to the apical compartment. At 10 minute intervals, 20 tl
samples were taken from the basolateral compartment and
counted for radioactivity.
Determination of protein kinase C activity
Filters containing primary cultures of rabbit collecting system
were incubated for various time periods with incubation me-
dium containing 0.1% vol/vol DMSO, 10-6 M TPA or 106 M
4-a-phorbol. After these incubations total cellular or membrane
fractions were prepared from the cultured cells at 4°C. The total
cellular fraction was prepared as follows. After washing filter
cups twice with phosphate-buffered saline, 20 mrvi Tris/HCI
homogenization buffer (pH 7.5) was added, containing 0.5%
vol/vol Triton-X-100, 0.25 M sucrose, 10 mM EGTA, 2 mrvi
EDTA, 10 mi 2-mercaptoethanol, 1 mri PMSF, 0.2 mg/mi
soybean trypsin inhibitor, 10 tg!mi aprotinin, 20 jiM leupeptin
and 10 mi NaF. Cells were scraped off the filters, sonicated in
homogenization buffer for 10 seconds, kept on ice for one hour
and, finally, centrifuged at 50,000 x g for 60 minutes. The
supernatant, containing total protein kinase C activity, was
referred to as the total fraction. The membrane fraction was
prepared by adding homogenization buffer in the absence of
Triton-X-100 to the filter cups. The cells were scraped off the
filters and the cell suspension was sonicated and centrifuged at
50,000 x g for 60 minutes. The pellet was sonicated in homog-
enization buffer with 0.5% vollvol Triton-X-100 for 10 seconds
and kept on ice for one hour. The supernatant, containing
solubilized protein kinase C activity, was referred to as the
membrane fraction.
PKC activity in both fractions was assayed according to
Ederveen et a! [171. Protein kinase C activity was defined as the
phosphatidylserine- and TPA-dependent increase in histone-H 1
phosphorylation. The fractions incubated with DMSO or 4-a-
phorbol were never significantly different and were, therefore,
averaged and referred to as controls.
Determination of transepithelial short-circuit current
Filters containing cultured cells of the rabbit cortical collect-
ing system were mounted between two half-chambers (area 0.3
cm2) and bathed with incubation medium at 37°C. The solutions
bathing the monolayer were connected via agar bridges and
Ag-AgCI electrodes to a voltage clamp current amplifier (Phys-
iological Instruments, San Diego, California, USA), and the
short-circuit current ('SC) was recorded.
Chemicals
Collagenase A and hyaluronidase were obtained from Boeh-
ringer (Mannheim, Germany). 32P-ATP and 45CaCl2 were pur-
chased from Amersham ('s-Hertogenbosch, NL). All other
chemicals including goat anti-mouse 1gM were obtained from
Sigma (St. Louis, Missouri, USA).
Statistical analysis
In all experiments, data were assessed from at least three
separate isolations and expressed as the mean Sn for N =
number of isolations. Statistical differences between the mean
values were determined by analysis of variance [18]. Unpaired
Student's t-tests were used to determine statistical differences
between two independent groups.
Results
Characterization of the rabbit renal cortical cells isolated with
Mab R2G9 and subsequent culture on permeable filters have
been described previously [1]. The resultant cells originated
from connecting tubules and cortical collecting ducts (but not
distal convoluted tubules) and are referred to as the collecting
system. Transcellular Ca2 absorption from a 1 m medium
concentration was linear up to three hours and a rate of 96 4
nmol hr cm2 was determined.
Figure 1 shows that the phorbol ester TPA inhibits transcel-
lular Ca2 transport dose-dependently with an IC50 of 3.4 0.4
nM (N = 4). A maximal reduction of 74 3% (P <0.05) was
achieved at l0— M TPA. In addition, at this concentration TPA
also reduced the lumen-negative p.d. by 92 2% (P < 0.05), as
shown in Figure 2. An IC50 of 2.5 0.2 nrvi (N = 3, data not
shown) was calculated which is similar (P > 0.2) to the IC50
obtained for the TPA-induced inhibition of transcellular Ca2
transport. In contrast, the Na channel blocker, amiloride
(l0 M), while reversing the transepithelial p.d. to 1.4 0.2
mV, had no significant (P > 0.2) effect on Ca2 absorption.
Furthermore, TPA (1(r7 M) significantly increased the transep-
ithelial resistance from 245 27 to 575 53 f cm (N 6, P
< 0.05), demonstrating the intactness of the monolayer after
TPA treatment.
The time dependence of the effects of TPA on transceliular
log [TPA], M
Fig. 1. Dose-dependent effect of protein kinase C activation by the
phorbol ester, TPA, on transcellular Ca2 transport across rabbit
collecting system in primary culture. TPA (dissolved in DMSO at a
concentration of i0 ss) was added to both the basolateral and apical
medium to the final concentrations indicated. Cells were exposed for
two hours to TPA. Values are mean SE (N = 4).
Ca2 absorption and transepithelial p.d. were studied by incu-
bating monolayers for up to 96 hours with TPA, as shown in
Figure 3. At i0 M TPA, the % inhibition of Ca2 absorption
increased during the first six hours of treatment, following
which the effect diminished with increasing time of incubation.
After 96 hours, the rate of Ca2 absorption was completely
restored (Fig. 3A). In addition, the inhibitory action of TPA on
the transepithelial p.d. disappeared by prolonged exposure to
this PKC activator, as shown in Figure 3B. On the other hand,
the p.d. was completely restored after 48 hours of treatment
with TPA. Interestingly, at a higher concentration of TPA (106
M) a faster pattern of diminution of the inhibitory action on
Ca2 absorption as well as on transepithelial p.d. was consis-
tently observed (Fig. 3). The recovery process of both transport
mechanisms was essentially the same after a short (2 hr)
exposure to TPA, which suggests that initiation of the inhibition
and the subsequent recovery process is completed within this
two hour time period (data not shown). The inactive phorbol
ester, 4-a-phorbol, had no significant effect on either Ca2
absorption or transepithelial p.d.
The effect of TPA (10—6 M) on both membrane-associated and
total PKC activity was investigated following various lengths of
incubation with the drug. The results are presented in Figure 4.
While control levels of membrane-associated PKC were unal-
tered over the experimental time course, cells incubated with
TPA showed a significant increase in membrane-associated
PKC activity within 10 minutes (P < 0.05), followed by a rapid
decline towards baseline levels. This translocation of PKC was
paralleled by a rapid decrease in enzyme activity of the total
cellular fraction. Within one hour after exposure to TPA,
down-regulation of total PKC activity was maximal, with a
remaining activity of 35 5% of the control. With respect to
down-regulation, total PKC levels diminished more rapidly than
reflected in the recovery of Ca2 transport, where a gradual
return to control rates occurred over 96 hours of incubation
with TPA.
tion.
Staurosporine, a protein kinase inhibitor [19], had no signif-
icant effect on Ca2 transport even up to i0 M (data not
shown). To further confirm that the TPA-induced reduction in
Ca2 transport was due to PKC activation, the effect of l0— M
staurosporine in the presence of a submaximal dose of TPA
(lO_8 M) was investigated. Under these conditions, the TPA-
induced inhibition of Ca2 absorption was significantly reduced
from 54 4 to 27 3% (N = 3, P < 0.05).
Discussion
Using a rabbit renal primary culture system from connecting
tubules and cortical collecting ducts, this study establishes the
role of PKC in transcellular Ca2 reabsorption from three major
lines of evidence. Firstly, activation of PKC with the phorbol
ester TPA inhibited active Ca2 transport across the monolay-
ers time- and dose-dependently. Secondly, the TPA-induced
inhibition of Ca2 absorption could be partly suppressed by
staurosporine, an inhibitor of protein kinase activity. Finally,
PKC activity could be down-regulated by prolonged exposure
to TPA, which resulted in a diminishing of the TPA-induced
inhibition of Ca2 absorption.
The presence of PKC activity has been demonstrated in many
epithelial cells [16]. In these and other systems, phorbol esters
have proven to be powerful tools in elucidating the role of PKC
in the control of cellular functions. The present study is the first
to demonstrate a biphasic effect of the PKC activator, TPA, on
transcellular Ca2 transport in renal collecting system in pri-
mary culture, that is, a short-term inhibition followed by a
gradual recovery. The former effect is paralleled by a rapid
(within minutes) translocation of PKC to the plasma membrane,
generally regarded as evidence for PKC activation. The latter
effect is coincided by the long-term (within hours) reduction of
cellular PKC activity, generally referred to as down-regulation.
Both actions are in line with PKC-mediated inhibition of
transcellular Ca2 transport. Interestingly, TPA-induced PKC
down-regulation was completed many hours before the onset of
restoration of the Ca2 transporting capability. Whether this
lag-time reflects a rather long half-life of the inhibitory mecha-
nism activated by PKC, or a de novo synthesis of membrane
proteins involved in transcellular Ca2 transport, eliminated by
the action of PKC, requires further study. Restoration of the
p.d., reflecting the recovery of the Na transport capability,
also showed a lag-time of 24 hours. This implies that a similar
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Thedata suggest a temporal separation between translocation
of PKC by TPA (occurring within 10 mm) and subsequent
effects on Ca2 absorption and transepithelial p.d. (measured
after 2 hrs). Therefore, the short-term effects of TPA on Ca2
and Na absorption across the monolayers were studied, as
presented in Figure 5. Apical-to-basolateral 45Ca2 flux was
significantly reduced within 25 minutes after the addition of
l0 M TPA. Taking into consideration the lag-time which is
caused by diffusion of 45Ca2 across the filter support of the
monolayer, this inhibition pattern parallels more closely the
TPA-induced activation of PKC. Similarly, PKC activation
inhibited transepithelial Na absorption immediately upon ad-
dition of l0 M TPA, which is reflected in a reduction of I.
Thus, the time-course of the TPA-induced inhibition of Ca2
8 7 —6 5 and Na transport correlates with the pattern of PKC activa-
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Fig. 2. Effect of two hours exposure to TPA
(10—v M) and amiloride (apical side only, iO
M) on transcellular Ca2 transport (A) and
lumen-negative p.d. (B) across rabbit
collecting system in primary culture. Controls
represents incubations with the inactive
phorbol ester, 4-a-phorbol (10 M)or
solvent. TPA and 4-a-phorbol (both dissolved
in DMSO at a concentration of 10 M) were
added to both the basolateral and apical
medium to the final concentrations indicated.
Values are mean SE (N = 3). *significantly
different from control (P < 0.05).
Time, hours Time, hours
Fig. 3. Time-dependence of the effect of TPA on transcellular Ca' transport and transepithelial p.d. across rabbit collecting system in primary
culture. A. Effect of TPA (•, iO and •, 106 M) on transcellular Ca2 transport. All values, except at 96 hours of incubation, were significantly
different from the corresponding time control (P < 0.05). tsignificantly different between lO and l0_6 M TPA (P < 0,05). B. Effect of TPA (•,
io— and•, 10_6 M) on transepithelial pd. *significantly different from the corresponding time control (P < 0.05). tsignificantly different between
i0- and 10—6 M TPA (P < 0.05). Controls (0) represent incubations with 0.1% vol/vol DMSO or the inactive phorbol ester, 4-a-phorbol. Basal
conditions were as described in Fig. 2. Values are mean SE (N =4).
inhibitory mechanism underlies TPA-induced and PKC-medi-
ated inhibition of Ca2 and Na transport. Full restoration of
the p.d. is achieved earlier than complete recovery of Ca2
transport, suggesting differences in recruitment or rates of de
novo synthesis of the respective proteins.
The cultured cells represent a heterogenous population,
originating from rabbit connecting and cortical collecting tu-
bules and consist of several cell types. Further experiments will
be needed to elucidate the role played by each cell in the effects
that have been observed with TPA.
Possible targets for the inhibitory effect of PKC activation on
transcellular Ca2 transport include apical Ca2 channels and
the basolateral Ca2-ATPase and/or Na-Ca2 exchanger.
Since considerable evidence implicates modulation of ion chan-
nel activity as a key function of the PKC enzyme family [151, an
apical Ca2 channel present in the collecting system in primary
culture may be a site for PKC action involved in the regulation
of Ca2 transport. It is important to notice that the TPA-
induced inhibition of Ca2 absorption is independent of simul-
taneous effects on the Na conductance, because Ca2 absorp-
tion was unaffected by amiloride, although both amiloride and
TPA were found to abolish transepithelial p.d. In addition, in
human glomerular mesangial cells, Menè et a! reported that
pharmacological activation of PKC by TPA resulted in inhibi-
tion of both basal and agonist-stimulated Na-Ca2 exchange
[201. This exchanger may also be a contender for the ultimate
regulatory site in PKC action in renal collecting system. More-
over, a possible role for this exchanger in active transcellular
Ca2 absorption in the collecting system has been suggested in
previous studies [1, 8—10]. In addition, inhibition of basolateral
Ca2-ATPase by PKC cannot be excluded, although in endo-
thelial cells, Kuo et al [21] demonstrated a PKC-induced
phosphorylation and activation of Ca2-ATPase rather than
inhibition, followed by the synthesis of new pump proteins.
Activation of PKC has been shown to regulate other ion
transport processes, in particular ion channels, in various
transporting epithelia [15, 16]. For instance, inhibitory actions
of PKC on Na transport in the rabbit cortical collecting tubule
[22] and A6 epithelia [23] have been observed, which were
attributed to an inhibition of the amiloride-sensitive apical Na
channel. In the present study, this effect of PKC activation on
Na transport was confirmed on primary cultures of this
A B
E
0
—5
—10
—15
—20
—25
100
80
60
40
20
0
E
ioo
' 80
60
40.0(I) 2:
A
Control TPA Amiloride
B
E
-d
ci.
—60
—50
—40
—30
—20
—10
0I I I
0 20 40 60 80 100
I - I
0 20 40 60 80 100
A,,, * * * *
Time, minutes Time, minutes
Fig. 5. Short-term effect of TPA on: A. 45Ca2 flux from apical-to-basolateral compartment. At t = 35 mm TPA (•, iO M final concentration)
or DMSO (0,0.1% vol/vol final concentration) was added to both compartments. Values are mean 5E of three isolations. *significantly different
from the corresponding time control (P < 0.05). B. transepithelial short-circuit current (I). At t = 0 mm TPA (l0— M final concentration) was
added to both compartments. A representative curve of three different experiments is shown. Basal conditions were as described in Fig. 2.
nephron segment. Additionally, in Xenopus oocytes expressing
apical K channels from flounder intestine, channel inactiva-
tion by PKC was indicated [241. In contrast, a stimulation of
C1 channel activity by PKC was measured in rabbit proximal
tubule cells in culture [25]. Both stimulatory and inhibitory
modulation of a transporter by PKC have, therefore, been
described, making elucidation of the mechanisms involved
difficult. PKC isoforms could possibly act selectively on spe-
cific substrates which ultimately results in different patterns of
modulation. In general, modulation of channel activity by PKC
has been proposed to result from the phosphorylation of spe-
cific protein constituents of ion channels [15, 16].
Since cAMP-linked hormones and forskolin have been pre-
viously demonstrated to increase transcellular Ca2 absorption
in the collecting system through a PKA-dependent pathway [1,
10], the PKC-induced inhibition is a separate regulatory event.
This suggests that in the collecting system, Ca2 reabsorption is
regulated by both signaling routes. Indeed, at the level of
cellular responses, antagonism between PKC activation and
agonist-induced cAMP formation or rises in intracellular Ca2
have been demonstrated in rat renal papillary collecting tubule
[26]. The findings presented here, therefore, are in line with a
negative feedback role for PKC in hormonal regulation of renal
Ca2 reabsorption which opposes its role in the intestine where
stimulation of Ca2 absorption was associated with the two
regulatory pathways acting in concert [27].
The physiological significance of the PKC-dependent inhibi-
tion of transcellular Ca2 and Na transport in the collecting
system remains undetermined. Nevertheless, kidney hormones
such as PTH, vasopressin and bradykinin have been shown to
activate PKC-dependent signaling pathways [12, 13, 28]. For
example, studies of vasopressin effects in perfused rabbit
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Fig. 4. Time-dependence of the effect of TPA (•, 1O6 M) on protein kinase C activity in rabbit collecting system in primary culture. A.
Membrane-associated PKC activity is expressed per mg membrane protein. B. Total PKC activity is expressed per mg total cellular protein.
Controls (0) represent incubations with 0.1% vol/vol DMSO or the inactive phorbol ester, 4-a-phorbol. Basal conditions were as described in Fig.
2. Values are mean sE of three isolations.
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cortical collecting tubule have demonstrated that, in addition to
the well-documented adenylate cyclase-linked V2 receptor, a G
protein-mediated V1 receptor system exists that leads to mobi-
lization of intracellular Ca2 and an increased production of
inositol phospholipids [13]. In proximal tubules, PTH has been
demonstrated to activate phospholipase C leading to increases
in 1P3 and DAG [121. Recent studies in colonic epithelial cells
showed that, in addition to a well-known genomic effect,
l,25[OH]2D3 activates PKC [14]. In general, therefore, the
effects of TPA-induced activation of PKC on Ca2 reabsorption
in the collecting system primary culture warrant further studies
to characterize and delineate the importance of this regulatory
pathway. The present study is the first to show a correlation
between PKC and Ca2 reabsorption which was only possible
by the use of this well-characterized model system for the
regulation of the Ca2 reabsorption.
Although the ultimate target for PKC action remains unknown,
that is a Ca2 channel, Na/Ca2 exchanger or Ca2tATPase,
once activated PKC inhibits transcellular Ca2 transport in rabbit
collecting system in primary culture dose-dependently. Return
of the Ca2-transporting function following down-regulation of
PKC activity possibly occurs via the induction of newly-
synthesized membrane proteins.
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